A semi-distributed hydrological model of the Niger River above and including the Inner Delta is developed. GCM-related uncertainty in climate change impacts are investigated using seven GCMs for a 2°C increase in global mean temperature, the hypothesised threshold of "dangerous" climate change. Declines in precipitation predominate, although some GCMs project increases for some subcatchments, whilst PET increases for all scenarios. Inter-GCM uncertainty in projected precipitation is three to five times that of PET. With the exception of one GCM (HadGEM1), which projects a very small increase (3.9%), river inflows to the Delta decline. There is considerable uncertainty in the magnitude of these reductions, ranging from 0.8% (HadCM3) to 52.7% (IPSL). Whilst flood extent for HadGEM1 increases (mean annual peak +1405 km 2 /+10.2%), for other GCMs it declines. These declines range from almost negligible changes to a 7903 km 2 (57.3%) reduction in the mean annual peak.
Introduction
Climate change is likely to exert a major influence upon wetlands with many impacts being driven by hydrological changes (Ramsar Bureau 2002 , Acreman et al. 2009 ). Intensification of the global hydrological cycle is projected to have major implications for catchment hydrological processes (e.g. Kundzewicz et al. 2007 , Bates et al. 2008 . These impacts, which are projected to vary from region to region (Arnell and Gosling 2013) , may in turn modify the magnitude and temporal distribution of flows of water into and out of wetlands and consequently wetland hydrological regimes (Baker et al. 2009 , Erwin 2009 ). Changing spatial and temporal patterns in water levels and flood extent may alter the ecological character of wetlands and the ecosystem services they provide (Erwin 2009 ).
There is, however, considerable uncertainty in the impacts of climate change on hydrological systems including wetlands. Impacts are commonly projected by driving a hydrological model that has been calibrated for a baseline period with climate projections derived by forcing General Circulation Models (GCMs) with greenhouse gas emissions scenarios. Hydrological changes can then be used to infer impacts on, for example, ecological conditions or ecosystem service provision (e.g. Thompson et al. 2009 , 2014b , Singh et al. 2010 . Each stage of climate change impact assessments introduces uncertainty . There is uncertainty in the emissions scenarios whilst alternative process representations and parameterisation schemes cause different GCMs to produce different projections for the same emissions scenario. Downscaling of GCM projections to finer spatial and temporal scales for hydrological modelling introduces further uncertainty. Hydrological models are subject to a range of uncertainties that include imprecise knowledge of hydrological system behaviour, which may include inadequate information on water resource management influences, as well incomplete or erroneous hydrometric data (e.g. Van Dijk et al. 2008) . Different hydrological models of an individual river basin that produce acceptable results for a baseline period may respond differently when forced with the same climate change scenario (Chiew et al. 2008 , Gosling and Arnell 2011 , Haddeland et al. 2011 , Thompson et al. 2013 . Assessment of the impacts of projected hydrological changes upon wetlands is uncertain due to imprecise understanding of the relationships between wetland hydrology, hydrochemistry and ecology. This includes limited knowledge of the water level requirements of individual wetland species and communities as well as the hydrological controls upon ecosystem service provision. Further uncertainty is associated with future water management responses to climate change (Van Dijk et al. 2008 ) that may in turn induce hydrological modifications. Of these different sources of uncertainty, GCM-related uncertainty has frequently been found to be the most significant (e.g. Graham et al. 2007, Prudhomme and Davies 2009) , although other factors may not be negligible (Haddeland et al. 2011 , Thompson et al. 2013 . Indeed, assessments of uncertainty related to the translation of hydrological changes to ecological impacts are very limited.
CONTACT Julian R. Thompson j.r.thompson@ucl.ac.uk GCM-related uncertainty for river flow for a series of catchments around the world including examples in North (Thorne 2011) and South America (Nóbrega et al. 2011) , Africa (Hughes et al. 2011) and Asia (e.g. Kingston et al. 2011) was assessed using a consistent set of climate change scenarios and catchment hydrological models as part of the QUEST-GSI project. This integrated, multi-sector and multiscale analysis of climate change impacts employed unified climate drivers to enable a consistent analysis of impacts, associated uncertainty and vulnerability , http://www.met.reading.ac.uk/research/quest-gsi/). The dominance of GCM-related uncertainty was clearly demonstrated by the QUEST-GSI catchment modelling studies . Only one study explicitly assessed inter-GCM uncertainty on wetland hydrology, in this case Loktak Lake, an internationally important lacustrine wetland in northeast India (Singh et al. 2010) . The current study employs the same scenarios to investigate GCM-related uncertainty for one of Africa's largest wetlands, the Inner Niger Delta, and the catchment that supports it.
Data and methods

The Upper Niger and the Inner Niger Delta
Mali's Inner Niger Delta is one of West Africa's largest floodplain wetlands. It is located at the downstream end of the 147 000 km 2 Upper Niger catchment, which has its headwaters in the Fouta Djallon highlands of Guinea, and the Bani (129 000 km 2 ), a major tributary of the Niger that rises in the Ivory Coast (Fig. 1 , .
The Inter-Tropical Convergence Zone, the region where the northern and southern hemisphere trade winds converge and which is associated with abundant precipitation, exerts a dominant influence upon the hydrology of the Delta and its catchment, similar to other African floodplains (e.g. Thompson 1996) . Rainfall exhibits large inter-annual variability. Mean annual rainfall (derived for 1950-2000 from the CRU TS 3.0 dataset -see below) over the headwaters of the Niger exceeds 2100 mm whilst over upstream parts of the Bani it is around 1500 mm. In contrast, over the downstream end of the Delta, annual rainfall is on average close to 250 mm. The southwest-northeast rainfall gradient is accompanied by a decline in wet season duration from 8 months (March-October) in the southwest to 3 months (JulySeptember) over the Delta. Annual peak rainfall occurs in August and the intervening dry period is associated with little or no rainfall. Potential evapotranspiration (PET; based on the Hargreaves method and CRU TS 3.0 data -see below) also shows a southwest-northeast gradient but the direction is reversed to that of rainfall. Mean annual PET in the southwest approaches 1800 mm and over the Delta it is around 2150 mm.
River flow exhibits large intra-annual variability. In common with rivers throughout West Africa (e.g. Drijver and Marchand 1985, Adams 1992) , dry season flows are small in comparison to wet season peaks. Above the Delta the lowest discharges occur during the period March-May. River flows begin to rise rapidly with the onset of the rains and the annual peak occurs in September . Discharges decline thereafter, albeit at a slightly slower rate than the rise at the start of the wet season.
The seasonal river flow results in similar intra-annual variability in flood extent within the Delta. Lowest water levels occur between May and July and the area of permanent water coverage is less than 4000 km 2 and very small in particularly dry years Parks 1989, Zwarts and Grigoras 2005) . Peak flooding, which is most often achieved in November, is often stated as reaching 30 000 km 2 (Grove 1985, Sutcliffe and Parks 1989) . However, it varies substantially from year to year. Zwarts and Grigoras (2005) identified a range from over 24 000 km 2 in the 1950s to less than 8000 km 2 at the height of the 1980s drought. The Delta exerts an important influence upon downstream river flows. Evaporation from inundated areas removes large volumes of water whilst further losses can be attributed to seepage beneath these areas (Beadle 1974 . On average around 55% of the combined inflows to the Delta at Ke-Macina and Beney-Kegny reaches Douna although the magnitude of losses increases with flood level due to larger inundation extents Grigoras 2005, Zwarts et al. 2005a) . The passage of the annual peak through the Delta takes 3-4 months so that at Dire the highest flows occur in November or December Parks 1989, John et al. 1993) whilst the duration of the high flow period extends from 2-3 months upstream to 7 months downstream .
The Inner Niger Delta is extremely productive, especially compared to the surrounding drylands. It is central to the livelihoods of over 1 million people (Zwarts and Kone 2005a) , supporting agriculture, especially rice cultivation, fishing and grazing of cows, sheep and goats. In common with other African floodplains (e.g. Thompson and Polet 2000) , productivity is linked to the annual flood (Goosen and Kone 2005 , Zwarts and Diallo 2005 , Zwarts and Kone 2005b , with vegetation zonation being controlled by water depth and its seasonal variation . Fish recruitment and survival through the dry season is related to the previous peak flood level and duration of flooding (e.g. Welcomme 1986, Zwarts and Diallo 2005) . The Delta is also a biological hotspot, and is one of the world's largest Ramsar sites (Van der Kamp et al. 2005) .
Changes to flooding within the Delta can be expected due to two factors. The first is upstream water resource schemes. Whilst the Sotuba hydropower dam (constructed in 1929) on the Niger just below Bamako has limited hydrological impacts due to its small reservoir, the larger Sélingué Dam (completed in 1982) on the Sakarani River ( Fig. 1 ) reduces peak Niger flows at Ke-Macina by 10-20% in wet years and 20-30% in dry years . Dry season releases double the modest natural flows. The Markala Barrage (constructed between 1937 and 1945) diverts water to irrigate the Office du Niger project (currently 740 km 2 , a small fraction of the planned 9600 km 2 ). These diversions are equivalent to only a few percent of wet season flows but during the dry season irrigation diversions can cut river flow by over half . The impacts of the Talo Dam on the Bani, which was constructed in 2006 and is designed for irrigation, are at present difficult to gauge. Plans for future dams include the Fomi hydropower dam (above Kankan on the Niandan tributary) that is currently being seriously considered and another dam on the Bani . Climate change-related alterations to precipitation and evapotranspiration are also likely to impact river flows and flooding within the Inner Delta. Establishing the nature, magnitude and the degree of uncertainty of climate change-related modifications to river flow and flooding is the aim of the current study.
Hydrological modelling
A semi-distributed, conceptual hydrological model operating at a monthly time step was developed for the Niger catchment upstream of the Inner Niger Delta. It also incorporated an element simulating inundation within the Delta. Model simulations covered the period 1950-2000 (calibration: 1950-1975, validation: 1976-2000 , baseline for climate change scenarios: 1961-1990 -discussed below). The model was implemented using the STELLA systems modelling software (Version 10, isee systems) which provides a high level visual-oriented software and simulation language and has been employed in a number of catchment and wetland hydrological modelling studies (e.g. Zhang and Mitsch 2005 , Voinov et al. 2007 , Ho et al. 2015 .
Separate sub-models, each with an identical structure, were developed for 11 sub-catchments defined by the location of a gauging station at their downstream outlet (Fig. 1) . The area draining to each gauging station was established using the USGS GTOPO30 digital elevation model (30-arc second or approximately 1 km resolution) and the ArcGIS 10 (Esri) "Hydrology" geoprocessing tools. In a similar approach to that adopted by Ho et al. (2015) , each sub-catchment model comprised three reservoirs representing the soil, groundwater and channel (i.e. surface water) stores (SS, GWS and CS, respectively) for which the water balance was evaluated for each time step (t; i.e. 1 month). The 4th-order Runge-Kutta integration method was employed (e.g. Zhang and Mitsch 2005) with flows being evaluated in the order they appear in the following equations:
where: P = precipitation which was evaluated as P t × A, where P t is sub-catchment monthly precipitation and A is the subcatchment area. P t was derived from the CRU TS 3.0 dataset (Mitchell and Jones 2005) as the mean total monthly precipitation from the 0.5°× 0.5°CRU grid cells falling within the respective sub-catchment. The number of cells contributing to catchment precipitation varied between eight (the subcatchment draining to Tinkisso -a) and 27 (Douna -i) with a mean of 14.8. The area of each sub-catchment (A) was derived from the USGS GTOPO30 digital elevation model as described above; E = sub-catchment evapotranspiration. Potential evapotranspiration for each sub-catchment was defined as PET t × A, where PET is the mean of the monthly Hargreaves total potential evapotranspiration (Hargreaves and Samani 1982) calculated for each of the 0.5°× 0.5°CRU grid cells covering the respective sub-catchment. This PET method, which employs mean, minimum and maximum temperature from CRU TS 3.0 and extra-terrestrial solar radiation based on latitude, is often used in situations where data are insufficient to calculate Penman or Penman-Monteith (Allen et al. 1998 , Thompson 2012 . The actual evapotranspiration removed from a sub-catchment's soil store was limited by the available storage (SS). Whilst actual evapotranspiration equalled or approached the volume of potential evapotranspiration during the wet season it was reduced as soil moisture was depleted through the dry season being limited to the volume available (i.e. E t = min(SS t-1 , PET t × A)). For example, through the complete simulation period and across the 11 sub-catchments, actual evapotranspiration was on average 98.0% of potential volumes in the three wettest months (August-October). In most sub-catchments potential evapotranspiration demands were completely satisfied in at least September and up to four other wet season months. In contrast, at the height of the dry season (DecemberFebruary) reduced soil storage resulted in actual evapotranspiration being equivalent to, on average, 11.9% of potential evapotranspiration; OLF = overland flow evaluated as the difference between SS t-1 and a maximum soil store (Max_SS) which was determined through calibration. If SS t-1 < Max_SS, OLF = 0; TF = throughflow evaluated as SS t-1 × RC TF if SS t-1 > Min_SS TF , where RC TF is a reservoir constant with a possible value of between 0 and 1 and Min_SS TF is a threshold soil store, both of which were determined through calibration. If SS t-1 < Min_SS TF , TF = 0; PER = percolation evaluated as SS t-1 × RC PER if SS t-1 > Min_SS PER , where PR PER is a reservoir constant with a possible value of between 0 and 1 and Min_SS PER is a threshold soil store, both of which were determined through calibration. If SS t-1 < Min_SS PER , PER = 0;
where: BF = baseflow evaluated as GWS t-1 × RC BF if GWS t-1 > Min_GWS BF , where RC BF is a reservoir constant with a possible value of between 0 and 1 and Min_GWS BF is a threshold groundwater store, both of which were determined through calibration. If GWS t-1 < Min_GWS TF , BF = 0;
where: UpQ = discharge from any upstream sub-catchment(s) simulated by respective sub-models; Q = river discharge from the sub-catchment evaluated as CS t-1 × RC Q , where RC Q is a reservoir constant with a possible value of between 0 and 1 which was determined through calibration. Simulated monthly discharge volumes were distributed evenly throughout the month for comparison with observed mean monthly discharge.
The two largest dams above the Inner Niger Delta which were in operation for the modelled period or part thereof, the Sélingué Dam and the Markala Barrage, were included within the respective sub-models using results of previous analyses ). In the case of the Markala Barrage, simulated as being operational throughout the modelled period, withdrawals to the Office du Niger project were simulated as the mean monthly intakes to the scheme evaluated for the period 1988-2004. These withdrawals were removed from the simulated discharge of the Niger at KeMacina. The sub-model for the area draining to Sankarani included an element representing the Sélingué Dam that was defined as being in operation from 1982 (just before the end of the first quarter of the validation period). Simulated flows were retained within a store representing the reservoir behind the dam. presented mean monthly inflows and outflows for the dam derived for the period 1982-2003. These were employed to define releases based on the percentages of the simulated annual inflow released in each month. In this way peak September discharges were, for example, reduced by 35.9% whilst, on average, dry season (December-May) discharges increased by 226.3%. The relatively simple approach represents the previously reported reductions in wet season peak flows and the increases in the dry season due to dam releases.
A final sub-model simulated the volume of water and, in turn, flood extent within the Inner Niger Delta. This was based on similar approaches adopted within models of the Delta and other large African floodplain wetlands (Sutcliffe and Parks 1987 , 1989 , Hollis and Thompson 1993a , Thompson and Hollis 1995 . On a monthly basis the volume (VIND) of water stored within the Delta was evaluated as:
where: Q = the monthly volume of river discharge at the named gauging station. Inflows to the Delta from the Niger at KeMacina and the Bani at Beney-Kegny were provided by the discharges simulated by the hydrological model. Following the approach adopted by Hollis and Thompson (1993b) and Thompson and Hollis (1995) and using Global Runoff Data Centre (GRDC) gauging station records, a relationship was established between the mean monthly discharge at Douna downstream of the Delta and the weighted aggregate inflow (WAInflow) of the combined mean monthly discharges at Ke-Macina and Beney-Kegny (Inflow) during the four most recent months. The use of the four more recent months followed experiments similar to those undertaken by Thompson (1995) in which the number of months was varied between one and six in order to optimise the relationship between weighted aggregate inflow and discharge at Douna. The weights associated with each of the 4 months (which summed to 1.0) were varied to optimise the relationship shown in Fig. 2 
where:
Data availability limited this analysis to 1953-1992 whilst further periods of missing data for one or more stations of 1-6 months duration and in a few cases over a year (most notably 1981-1986 for which records for the inflows were not available) further impacted the data used in the analysis. Figure 2 (b) demonstrates, for the period of available data, a close agreement between observed discharges at Douna and those derived using this approach; PIND = precipitation over the Inner Niger Delta which was evaluated as P t × AIND where P t is the mean monthly precipitation for the CRU TS 3.0 grid cells covering the extent of the Delta and AIND is the extent of inundation evaluated using a synthetic volume/area relationship: AIND t = a(VINDt) b where a and b are coefficients optimised during calibration with final values of 1.095 and 0.981 being close to those employed in similar models of African floodplains (e.g. Parks 1989, Thompson and Hollis 1995) ; EIND t = monthly evapotranspiration from the Inner Niger Delta. Using the approach employed in each of the subcatchment models, potential evapotranspiration was defined as PET t × AIND, where PET is the mean of the Hargreaves PET calculated for the each of the CRU TS 3.0 grid cells covering the Delta. Since AIND was calculated by the model and varied during the simulation, the potential volume of evapotranspiration from the Delta was relatively small during periods of low flood extent so that the volume of actual evapotranspiration for the calibrated model only differed from the potential in 3 months (February in 1973 (February in , 1978 (February in and 1994 throughout the complete simulation period of 1950-2000. In these cases, EIND was limited to the volume of storage that was available; IIND = infiltration beneath inundated areas. This was evaluated as I × AIND where I is the infiltration rate. The latter term was varied during calibration with the final value of 0.1 m month -1 being close to that of Thompson (1995) and Thompson and Hollis (1995) in their model of the floodplains of the Hadejia-Nguru Wetlands, northeast Nigeria. As for EIND, infiltration was potentially limited by the volume of water within the floodplain (VIND) but only differed from the potential rate in the same 3 months as EIND.
Model calibration and validation
Model simulations covered the period 1950-2000 and this was split in two for calibration and validation (1950-1975 and 1976-2000, respectively) . Calibration of the sub-catchment hydrological models was undertaken in a downstream sequence beginning at the upper sub-catchments and progressing to those draining to Ke-Macina and Beney-Kegny. No calibration for discharge at Dire below the Inner Delta was undertaken as this was simulated using the relationship between discharge at this location and at Ke-Macina and Beney-Kegny (equations 5 and 6). The calibration parameters described above (reservoir constants for throughflow, percolation, baseflow and channel flow, and the threshold storage volumes for overland flow, throughflow, percolation and baseflow) were manually adjusted and simulated discharges compared to observed river discharge from the gauging station at the downstream end of each sub-catchment. These data were obtained from the GRDC and were characterized by extended periods of missing data at some gauging stations that were particularly associated with the validation period (discussed below). In order to provide additional model validation, observed and simulated discharges were also compared for the central period that provides the baseline period for climate change scenarios (discussed below).
Sub-catchment hydrological model performance was assessed quantitatively using the Nash-Sutcliffe coefficient (NSE, Nash and Sutcliffe 1970) , the Pearson correlation coefficient (r) and the bias (Dv; Henriksen et al. 2003) . The scheme of Henriksen et al. (2008) was used to classify model performance as indicated by values of NSE and Dv. Comparisons between observed and simulated river regimes provided additional assessments of model performance.
Calibration and validation of the sub-model simulating Inner Niger Delta flood extent was achieved through manual optimisation of the terms in the model's volume/area relationship and the infiltration rate. Results were compared to the estimates of peak annual inundation provided by Zwarts and Grigoras (2005) . These were based on a relationship between water levels within the Delta and remote sensingderived flood extent and were available for 1956-2000 (i.e. most of the calibration period and the complete validation and baseline periods).
Climate change scenarios
Revised meteorological inputs for a 30-year period, the same duration as the baseline period of 1961-1990 against which scenario results were compared, for a series of climate change scenarios were derived using the ClimGen pattern-scaling technique (Arnell and Osborn 2006) . This spatial scenario generator assumes that the spatial pattern of change in meteorological parameters (based on the SRES A2 emissions scenario), expressed as a change per unit of global mean temperature, is constant for a given GCM. This allows patterns of climate change to be scaled up and down in magnitude so that specific thresholds of global climate change can be investigated . In common with the QUEST-GSI catchment modelling studies, scenarios were generated for a 2°C prescribed increase in global mean temperature, the hypothesised threshold for "dangerous" climate change, for seven GCMs: CCCMA CGCM3.1, CSIRO Mk3.0, IPSL CM4, MPI ECHAM5, NCAR CCSM30, UKMO HadGEM1 and UKMO HadCM3 (Table 1, Todd et al. 2011) . These are exemplars from the CMIP-3 database (Meehl et al. 2007 ) and provide different representations of global climate features.
For each scenario, monthly total precipitation and minimum, mean and maximum temperatures were derived from ClimGen for the CRU TS 3.0 0.5°× 0.5°grid. Subsequently monthly total Hargreaves PET was calculated for each grid cell using the temperature data. Using the same approach as for the baseline period, gridded monthly precipitation and PET totals were averaged for each of the 11 sub-catchments of the hydrological model and for the area over the Inner Niger Delta to provide scenario meteorological inputs.
The period 1961-1990 was used as a baseline for comparison with scenario results. Throughout both the baseline and each scenario the two existing dams that are included in the model (Sélingué Dam and Markala Barrage), were simulated as being operational using the approaches described above. For the Markala Barrage this represented no change from calibration and validation simulations. The Sélingué Dam was, however, assumed to be in operation from the start of the baseline period instead of from 1982. Scenario-baseline differences could therefore be attributed to climate change related modifications to precipitation and evapotranspiration alone.
Results
Model calibration and validation
Figure 3 shows observed and simulated monthly discharges for seven gauging stations for the period 1950-2000 with the calibration, validation and baseline periods indicated. The stations include those immediately upstream (Ke-Macina and Beney-Kegny) and downstream (Douna) of the Inner Niger Delta although the former are characterised by relatively poor observed data availability for the validation period. The other four stations are representative of results for subcatchments further upstream and have the most complete discharge records. Good agreement between observed and simulated discharges is demonstrated. This is particularly evident for the calibration period although some overestimation is apparent in the latter part of the validation period, especially for Douna and Dire (discussed below). The generally wetter conditions of the 1950s and 1960s are reproduced whilst reductions in flow in later decades, especially the droughts of the early 1970s and mid-1980s, are evident. More recently some years in the late 1990s witnessed an increase in river flows that is demonstrated in both observed and simulated discharges.
Model performance for all 12 gauging stations is quantified for the calibration, baseline and validation periods in Table 2 . This also shows for each period and station the number of years for which different amounts of data (from a complete 12 months to no observations) are available. Data availability is relatively poor for the validation period and in most cases gaps are more frequent in the second half of this period, in particular from the end of the 1980s.
For the calibration period, model performance according to the values of Dv is classified as "excellent" for nine gauging stations and "very good" for the remaining three. The values of NSE are classified as "excellent" for all the stations apart from Kouroussa ("very good"). The classification scheme of Henriksen et al. (2008) was devised for comparisons at a daily time step and higher NSE values are to be expected when aggregating to monthly mean discharges (Thompson et al. 2014a) . Increasing the lower boundaries for the "excellent" and "very good" classes to 0.90 and 0.75, respectively, still results in model performance for the calibration period being at least "very good" for all the stations ("excellent" for five). Figure 4 further confirms the good performance of the model for the calibration period by presenting observed and simulated mean monthly discharges (i.e. the river regimes). Simulated regimes are derived from results for months in which observed data are available with records being reasonably complete in most cases (the exception is Banankoro for which a complete record is only available for 5 years whilst data are absent for 17 years).
Assessment of model performance at some gauging stations for the validation period is impacted by poor data availability, especially in the later part of the period. For example, whilst a complete record for Tinkisso is available for the first 3 years, data are absent from January 1979 (22 years). Sankarani, Bougouni, Pankourou and BeneyKegny are missing 17 complete years of records and KeMacina 16 years (Table 2) . Performance is still classified as either "excellent" or "very good" ("fair" in the case of NSE for Ke-Macina), with mean monthly discharges being reasonably well produced (Fig. 4) . However, short observational records inevitably mean that confidence in these results is less than those of the calibration period. Performance at the other stations above the Delta for which longer (but still not complete) records are available is classified as "excellent" or "very good" according to NSE values. However, overestimation of seasonal peaks results in the values of Dv being classed as "fair". For some (Kouroussa, Banankoro, and Koulikoro) Dv is within 2% of the higher class boundary whilst for Douna the magnitude of overestimation is larger. Figure 3 shows that overestimation of peaks is most noticeable towards the end of the validation period. Overestimated discharges above the Delta have implications for simulated discharges at Dire, with model performance being classified as "fair" according to Dv, but excellent for NSE. Discharge overestimation for the validation period could be attributable to a number of factors including land cover change and consequent impacts on rainfall-runoff characteristics. Alternatively, it could be linked to data quality/availability which particularly impact the latter half of the validation period. These factors are discussed below.
Since the baseline period ends just before that for which data quality issues are suspected, overestimation of discharge does not occur and mean monthly discharges are well (1950-1975), validation (1976-2000) and baseline ) periods are indicated. Note different y-axis scales. Letters in brackets refer to the sub-catchments identified in Fig. 1. reproduced (Fig. 4) . Model performance according to the value of Dv is "excellent" at nine stations and "very good" at three (Table 2) . The values of NSE are classified as "excellent" for nine stations and "very good" for the remaining three. With the higher class boundaries, three stations still attain the "excellent" classification, with the remainder being classed as "very good".
Figure 5(a) shows simulated monthly flood extent within the Inner Niger Delta for the complete simulation period as well as the annual peak flood extents estimated by Zwarts and Grigoras (2005) for 1956-2000. The calibration, validation and baseline periods are also indicated. The large seasonality and inter-annual variations in flood extent replicate those discussed for simulated river flow and are similar to those reported for other West African floodplains (e.g. Thompson and Hollis 1995) . Flood extents are generally highest in the 1950s and 1960s and decline from the 1970s. The impacts of the droughts of the early 1970s and early 1980s, in particular 1984, are clearly evident in both the simulated flood extents and those estimated by Zwarts and Grigoras (2005) . Peak inundation is relatively stable between the mid-1980s and mid-1990s, whilst the last part of the simulation period witnesses some increases in flood extent. Figure 5 (b-d) compares the model's annual maximum flood extents with those of Zwarts and Grigoras (2005) for the calibration, baseline and validation periods. They also provide the corresponding regression equations, Pearson correlation coefficients (r) and average percentage bias in simulated peak flood extents (Dv). Generally good performance is indicated for the calibration and baseline periods. Annual peak flooding is overestimated by, on average, just under 3.3% for the calibration period whilst for the baseline it is underestimated by only 1.3%. Approximately equal numbers of annual peaks are over-and underestimated (simulated > Zwarts and Grigoras (2005) in 55% and 45% of years during the calibration and baseline periods, respectively). In both cases r exceeds 0.85 and the slope of the regression (F-stats: 1.62 × 10 -6 and 3.33 × 10 -12
, respectively) is close to the 1:1 line.
For the validation period, similarly close agreement for peak flood extents is indicated by the values of r and Dv and again an almost equal number of flood extents are (Cal. 1950 (Cal. -1975 , baseline (BL 1961 -1990 ) and validation (Val. 1976 periods. Letters after gauging station names refer to the labels used in Fig. 1 Number of years during the calibration, baseline or validation periods for which 12, 9-11, 5-8, 1-4 and 0 months of discharge data are available, + bias (Henriksen et al. 2003) , *Nash-Sutcliffe coefficient (Nash and Sutcliffe, 1970) , # Pearson correlation coefficient.
overestimated (56%) and underestimated. However, the slope of the regression (F-stat: 6.91 × 10 -8 ) is notably steeper. Figure 5(a) shows relatively large overestimation of annual peaks towards the end of the period during which river flows are overestimated. Other potential causes for differences between simulated flood extents and those provided by Zwarts and Grigoras (2005) based on water levels and remote sensing may be related to changes in the floodplain (see Discussion section).
Overall, given the good model performance for both river flow and flood extent, in particular for the calibration and baseline periods, the latter of which is employed for assessing the impacts of climate change, the model is considered an appropriate tool to assess GCM-related uncertainty upon hydrological conditions within the Inner Niger Delta and its catchment.
Scenario climate
Baseline annual precipitation and PET, as well as percentage changes from these totals, for each of the seven GCM climate change scenarios are shown for the 12 sub-catchments in Table 3 . Figure 6 shows mean monthly precipitation and PET for the baseline and each scenario for four representative sub-catchments.
There are considerable inter-GCM variations in scenario precipitation, including differences in the direction of change. The largest inter-GCM differences in absolute and percentage terms for change in mean annual precipitation over any subcatchment are 542 mm and 32.2%, respectively, both for Kouroussa (b) whilst the corresponding smallest differences are 114 mm (Delta -l) and 16.6% (Douna -i), respectively. On average the inter-CGM range of change across the 12 subcatchments is 289 mm or 23.6%. (1950-1975), baseline (1961-1990) and validation (1976-2000) periods. Note different y-axis scales. Letters in brackets refer to the sub-catchments identified in Fig. 1 . Symbols in square brackets indicate availability for each period: + Good, +-Medium, -Poor.
IPSL and MPI project declining annual precipitation in all sub-catchments although the magnitudes of the declines are considerably higher for IPSL (Table 3) . This GCM shows a west-east reduction in the size of these declines. In most subcatchments, mean monthly precipitation declines in every month (Fig. 6) . The largest reductions occur early in the wet season. Mean annual precipitation for MPI also tends to decline from west to east over the western half of the catchment after which the declines then increase in magnitude. The western part of the catchment (sub-catchments a-g) experiences modest (average: 6.2%) increases in mid-late wet season (July-October) precipitation although larger reductions in May-June (average: 24.4%) account for the overall declines in annual totals (Fig. 6) . The period of increased monthly precipitation shortens to the east and over the Delta is limited to September and October.
Both CSIRO and HadCM3 show that, with the exception of Tinkisso (a), westerly sub-catchments (CSRIO: b-e, HadCM3: b-g) experience relatively modest increases whilst annual precipitation for sub-catchments further east decreases (except Beney-Kegny -k for HadCM3). Seasonal patterns of change for these two GCMs are, however, different. For HadCM3, mean monthly precipitation in the south and west (sub-catchments a-g) generally increases between July and February with the largest absolute, but still relatively small (5-7%), increases occurring in August and September for those in the west and September and October further east. For CSIRO, increases in monthly precipitation for westerly sub-catchments are concentrated earlier in the year (MaySeptember with precipitation in the latter increasing for all sub-catchments, mean 12.9%). Further east, notable increases in monthly precipitation are limited to September.
CCCMA and HadGEM1 show declines in annual precipitation in the west, an easterly reduction in the magnitude of these declines and an eventual increase in the east. The gradient of the eastward decline in the size of these changes is steeper for HadGEM1 and increases occur for Douna (i), Ke-Macina (j) and sub-catchments beyond. Increased annual precipitation for CCCMA is limited to Beney-Kegny (k) and the Delta (l). September precipitation increases in all subcatchments for HadGEM1 with the largest changes (>20%) occurring in the south-centre of the catchment (sub-catchments e-g). Expansion of increased precipitation into July and August causes the eastward shift in the direction of change in annual precipitation. For CCCMA, modest increases in monthly precipitation for sub-catchments to the west and south of Koulikoro (h) are limited to November and December. Increases in August and September precipitation for the last four sub-catchments (and July for the Delta, mean 2.2%) cause the small increases in annual totals.
NCAR shows a more complex spatial pattern in the direction of change in annual precipitation. Most sub-catchments along the southern border of the Upper Niger display very small increases (Table 3 ). Sub-catchments that are further north (Tinkisso -a, Koulikoro -h) or extend further north from the southern border (Banankoro -c) show modest declines in annual precipitation. Further north and east, annual precipitation increases through sub-catchments i-l, with the 14.4% increase over the Delta (l) being the largest of all the GCMs for this part of the catchment. Seasonal Sub-catchments (letters refer to model sub-catchments indicated in Fig. 1 changes in precipitation follow a consistent east-west trend. In the far west, precipitation declines between May and September and increases in the other dry season months so that absolute values remain small (Fig. 6 ). The number of wet season months in which precipitation declines is reduced further east (e.g. Bougouni -f: four, Douna -i: two) and over the Delta (l) precipitation increases in every month apart from the already very dry January. Inter-GCM differences in PET are small in comparison to precipitation. All GCMs project increases in annual PET for all sub-catchments (Table 3 ). The mean inter-GCM range of change in annual PET across the 12 sub-catchments is 86 mm/ 4.4%, compared to the previously reported 289 mm/23.6% for annual precipitation. The largest and smallest inter-GCM differences for any sub-catchment, 97 mm/4.9% (both for Douna -i) and 77 mm (Tinkisso -a)/4.1% (Banakoro -c), respectively, are also smaller than those for precipitation.
Seasonal distribution of PET for each scenario is similar to the baseline (Fig. 6) . In most cases PET increases in every month and where decreases do occur (HadGEM1, NCAR) they are limited to 1 or 2 months when PET is relatively low. There is some consistency in the relative order of magnitude of changes projected by different GCMs. In the west (subcatchments a-f) the smallest increases in annual PET are projected by NCAR, whilst HadGEM1 is responsible for the smallest changes over the eastern sub-catchments. This pattern is reversed for the second smallest increases. The average change in PET for these two GCMs is 3.0% and 2.8%, respectively. At the other extreme, HadCM3 projects the largest mean change in annual PET (6.8%) and is responsible for Figure 6 . Mean monthly precipitation and PET for the baseline and the 2°C, seven GCM climate change scenarios for four representative sub-catchments within the Upper Niger. Note different y-axis scales. Letters in brackets refer to the sub-catchments identified in Fig. 1. the largest changes over sub-catchments east of Sankarani (e). MPI has the second largest mean change in annual PET (6.4%) and projects the largest changes over the remaining sub-catchments. Table 4 provides mean baseline discharges for all 12 gauging stations and percentage changes for the seven climate change scenarios. Baseline Q5 and Q95 discharges (discharges equalled or exceeded for 5% and 95% of the time, respectively) and the corresponding scenario percentage changes are also shown. Impacts on the seasonal distribution of river flow are summarised in Fig. 7 , which shows baseline and scenario mean monthly discharges for each gauging station.
Scenario river flow
Inter-GCM differences in discharge are in general larger than those for precipitation and PET. For example, the largest inter-GCM range of change in mean discharge at any gauging station (Douna -i) is 79.2% (-57.0%-22.2%) whilst the smallest (Dire -l) is 42.8% (-42.5%-0.3%). The average range of change between the seven GCMs across the 12 gauging stations is 61.6%. The magnitude and spatial patterns of change in mean, peak and low discharges therefore vary considerably between the different GCMs.
The largest change in mean discharge of any sign for all 12 gauging stations is associated with IPSL, one of two GCMs projecting catchment-wide precipitation declines and with the largest reductions in annual precipitation. Mean discharge declines by over 50% at eight stations (Table 4) whilst the magnitude of the declines at all stations exceeds the absolute values of bias (Dv) reported for the calibrated model, even for the validation period during which discharges are overestimated (Table 2 ). Q5 discharges also decline across the catchment although the percentage reductions are 10-15% lower than those for mean flow. Conversely, percentage reductions in low flows (Q95 discharges) are larger. In the upper Bani (Bougouni -f, Pankourou -g, and Douna -i) very low baseline flows are eliminated completely. River flow declines throughout the year and in some cases (Tinkisso -a, Kouroussa -b, Koulikoro -h, Ke-Macina -i, Beney-Kegny -k), peak flows are delayed by 1 month compared to the baseline (October instead of September; Fig. 7) .
Smaller catchment-wide declines in annual precipitation for MPI, coupled with increases in some months, causes a different pattern in projected river flow. Eastern and western sub-catchments experience reductions in mean discharge with spatial variations reflecting those of precipitation (e.g. easterly reduction between Tinkisso -a and Kankan -d). The largest of these changes exceed the model bias (Dv) for the calibration and baseline period (and validation for Tinkissoa). South-central sub-catchments, which experience the smallest declines in annual precipitation, show very small increases in mean discharge (comparable to absolute Dv values) due to higher late wet season precipitation. There is little change or, at some stations (e.g. Sankarani -e, Pankourou -g), small increases in peak flows (Fig. 7, Q5 in Table 4 ). Declining precipitation at other times, coupled with higher PET, reduces low flows (no change at Bougouni -f).
CSIRO projects differences for the Niger and the Bani. In the far west of the former (Tinkisso -a, Kouroussa -b) mean discharge declines due to lower annual precipitation or modest precipitation gains coupled with larger increases in PET. Further west (Banankoro -c to Sankarani -e), larger increases in annual precipitation enhance mean discharge. Most of these changes are larger than the absolute values of Dv for the calibration, baseline and validation periods. Increased May-September precipitation increases peak flows (Q5 , Table 4 ) and causes an earlier rise in the annual flood Gauging station (letters refer to gauging stations indicated in Fig. 1 (e.g. Kankan, Fig. 7 ). Low flows (Q95) increase (but remain very low) or show no change. Higher mean and peak flows in the upper Niger sustain similar increases further downstream (Koulikoro -h, Ke-Macina -j, although some changes are smaller than absolute values of Dv especially for the validation period) despite local precipitation declines and increased PET. Low flows do, however, decline. Declining precipitation over the Bani (sub-catchments f, g, i and k, Table 3 ) causes mean annual, Q5 and Q95 discharges to decline (no change in Q95 for Bougouini -f). The magnitude of these reductions generally increases in a downstream direction. Below the Delta (Dire -i) mean annual and Q5 discharges decline (baseline Q95 is 0 m ) although by small amounts due to the enhanced flows in the Niger.
HadCM3 shows similar differentiation between the Niger and Bani in projected river flow changes. With the exception of Tinkisso (a), mean discharge increases at all gauging stations on the Niger above the Delta. However, due to the smaller precipitation increases over upstream sub-catchments combined with larger PET increases, discharge gains are smaller and very modest at downstream stations (less than absolute values of Dv at a number of stations) where declines in precipitation are projected (Table 4 ). The concentration of largest precipitation increases in the wettest months ensures that peak flows (Q5) increase. Some upstream increases in late wet season precipitation lead to increases in low flows (Q95) that are eliminated further downstream. Annual precipitation increases over upstream sub-catchments of the Bani (Bougouni -f, Pankourou -g; Table 3 ) do not offset elevated PET so that mean flows decline but by very small amounts. These declines are enhanced at downstream stations (although differences are only greater than absolute Dv for the baseline period at Dounai). Higher September precipitation results in very modest increases in Q5 for Bougouni (f) but not for Pankourou (g), whilst peak discharges decline further downstream. Low flows (Q95) show either no change (upstream) or decline (downstream). Beyond the Delta, projected discharge at Dire is barely distinguishable from CSIRO (Fig. 7) .
Similar results are obtained for CCCMA and NCAR although they project differences in scenario precipitation. Both simulate declines in mean, Q5 and Q95 discharges for all 12 gauging stations (no change in Q95 at Tinkisso -a, Table 4 ). For both scenarios the magnitude of changes in mean discharge exceed the absolute values of Dv for the calibration and baseline periods for all of the stations. This is repeated for CCCMA for the validation period whilst for NCAR changes exceed the absolute values of Dv for this period at all but two gauging stations). Discharge reductions are larger for CCCMA due to larger precipitation declines and larger PET increases. Although NCAR projects small precipitation increases for sub-catchments along the southern border of the Upper Niger, they are offset by slightly larger increases in PET so that discharges decline. For both GCMs the largest discharge reductions occur at stations on the Bani and its tributaries. For CCCMA, reductions in mean and Q5 discharges in sub-catchments f, g, i and k exceed 32% and 25%, respectively. With the exception of Tinkisso (a), reductions at other stations are below 25% and 21%, respectively. For NCAR, declines in mean discharge for Bani stations are all above (very close for Pankourou -g) 24% and most Q5 declines exceed 19%. Elsewhere declines do not exceed 18% and 16%, respectively.
Although HadGEM1 projects declines in mean annual precipitation over western sub-catchments (a-g), elevated September precipitation increases peak (Q5) discharges at all but two gauging stations (Table 4) . Increases in September precipitation of over 20% coupled with the expansion of increases into July and August cause an increase in mean discharge at Sankarani (e), Bougouni (f) and Pankourou (g). The magnitudes of these changes are larger than the absolute values of Dv as the respective gauging stations for the calibration, baseline and validation periods. Increases are particularly large (>20%) for the last two stations due to large gains in peak flows (>30% in October, Fig. 7 ). These changes, supplemented by locally higher precipitation, sustain increased mean discharge (> absolute Dv for the three periods) further downstream on the Bani at Douna (i) and Beney-Kegny (k). High and low flows also increase. In contrast, increased mean discharge at Sankarani (e) and very modest precipitation increases in lower sub-catchments of the Niger do not offset declines from other Upper Niger tributaries. Mean discharge at Koulikoro (h) and Ke-Macina (j) therefore decline (although differences at both stations are only larger than absolute Dv for the baseline period). High flows do increase but by small and declining amounts whilst throughout the Niger (i.e. excluding the Bani) Q95 discharges decline. HadGEM1 is the only GCM to project increases, albeit very small, in mean and peak discharges below the Delta.
Scenario impacts on the Inner Niger Delta
The impacts of the seven GCM 2°C climate change scenarios upon river inflow to the Inner Niger Delta are summarised in Fig. 8 . This provides the combined mean monthly inflows from the two gauging stations upstream of the wetland (KeMacina -j and Beney-Kegny -k) and percentage change from the baseline of the mean annual total inflows. Only one GCM, HadGEM1, projects an increase in annual inflows, albeit of only 3.9%. The higher inflows are due to the large projected increases in the discharge of the Bani under HadGEM1, although their impact is reduced by relatively small declines in discharge of the main Niger (Table 4) that contributes over three times more inflow than the Bani for the baseline. HadGEM1 inflows are higher than the baseline in every month apart from at the start of the annual flood (June-August) whilst peak (September and October) inflows increase by 4.0% and 16.4%, respectively. The larger increase for the second month causes a 1-month shift in timing of mean annual peak inflows, although total discharge in October is only just above that in September.
The other six GCMs project declines in inflows although the magnitude of changes varies considerably. The smallest are associated with HadCM3 and CSIRO (-0.8% and -2.5%, respectively) both of which project small increases in inflows from the Niger that are offset by larger declines in the Bani. For HadCM3, increases are concentrated between October and January but are small, the largest being 3.3% for October. October inflows also increase for CSIRO but by only 0.8%, with the other increases being limited to June and July (83.3% and 23.5%, respectively although baseline inflows are low). The relatively small declines for the Niger and the Bani projected by MPI contribute to the very slightly larger (-3.9%) declines in annual inflows. Monthly increases (all <6%) are limited to the flood recession whilst peak inflows decline slightly (-3.1% and -0.3% for September and October, respectively).
The similar responses in river flow for NCAR and CSIRO lead to comparable seasonal distributions of river inflows to the Delta, with declines in annual totals of 18.1% and 26.1%, respectively. Mean inflows decline in every month with the peak months of September and October declining by 18.4% and 17.3%, respectively for NCAR and 22.8% and 22.4%, respectively for CSIRO. The substantial declines in river flow throughout the catchment for IPSL lead to a reduction in mean annual inflows of 52.7%, with declines occurring in every month. Inflows in September and October decline by 50.4% and 43.0%, the smaller reduction in the second month leading to a shift in the month of peak inflows, whilst the annual rise is delayed by the very large (79.2%) reduction in August discharges (Fig. 8) . Figure 9 summarises the impact on the flood regime (mean monthly flood extent) of the Inner Delta for each GCM. In each case the baseline flood regime as well as the maximum and minimum monthly flood extents for both the baseline and scenario are shown. Given the ecological significance of peak floods for sustaining the Delta's fisheries, providing wildlife habitat (especially for waterbirds) and supporting human activities such as rice cultivation, Fig. 10 summarises the impacts on the annual maximum flood extents. Figure 10 (a) plots peak flood extents against the number of year in which they are equalled or exceeded for the baseline and each scenario. Changes from the baseline for the largest, mean and smallest annual peak flood extent within the 30 year simulation period are shown in Figure 10 (b-d), respectively. Changes in the mean annual maxima are close to those for November within the mean flood regime of Fig. 9 , with small differences attributable to differing annual peaks in some years.
Results for three scenarios show very limited impacts on flooding. The overall smallest changes are associated with HadCM3 that, as discussed, results in very small (0.8%) reductions in total river inflows. The mean flood regime, as well the maximum and minimum monthly flood extents, are barely discernable from those of the baseline (Fig. 9) . Similarly, the magnitude-frequency characteristics of annual peak flood extents are largely unaffected. The mean annual maximum declines by only 147 km 2 (1.0%) and the maximum by 44 km 2 (0.2%). The smallest annual peak does increase (221 km 2 or 6%) but this does not reflect a consistent trend for dry years (the next smallest annual peak declines). Overall, just over half of the points along the magnitudefrequency line for HadCM3 are below the baseline but differences in either direction are small.
The scenario flood regimes for CSIRO and MPI are very similar with only modest reductions in mean, maximum and minimum monthly mean flood extents (Fig. 9) . For MPI the three monthly mean flood extents decline in every month whilst for CSIRO very small increases for each occur in July and August. On average, the seasonal (November) peak of the mean regime declines by only 664 km 2 (4.8%) and 489 km 2 (3.5%), respectively. The smaller reduction for MPI despite the slightly larger decrease in annual river inflows (3.9% compared to 2.5% for CSIRO) is due to the smaller reduction in peak (September) inflows (Fig. 8) . The magnitude-frequency lines for the annual peak flood extents for both GCMs generally drop below the baseline. For CSIRO only two points (6.7% of the total, the 21st and 28th largest annual maxima) are above the baseline, whilst for MPI the corresponding number is six (20%). These are, with the exception of the greatest annual peak that declines, the larger annual maximum flood extents (Fig. 10) . The mean annual maximum declines by 679 km 2 (4.8%) and 518 km 2 (3.6%) for CSIRO and MPI, respectively.
CCCMA and NCAR result in larger reductions in flooding. In both cases the mean, maximum and minimum monthly mean flood extents decline in every month (Fig. 9) . Larger changes occur for CCCMA than for NCAR due to the greater declines in annual river inflows (CCCMA: −26.1%; NCAR: −18.1%). The mean November peak declines by 4283 km 2 (31%) and 3018 km 2 (21.9%), respectively with comparable reductions in the peak maximum and minimum monthly means. These changes are reflected in the magnitude-frequency lines for annual peak flood extents ( Fig. 10  (a) ). Peak extents decline for all frequencies with the largest declines occurring for CCCMA. Changes in the mean annual maximum are comparable to those for November within the mean flood regime (CCCMA: −4151 km 2 /-29.1%; NCAR: −2885 km 2 /-20.2%; Fig. 10(c) ), whilst reductions in the largest annual maximum flood extents are similarly larger for CCCMA than NCAR (26.0% and 12.1%, respectively, Fig. 10 (b)). Differences between the two GCMs are reduced for smaller annual peak flood extents with, for example, the smallest annual peak declining by 34.8% and 34.2% respectively ( Fig. 10(d) ).
As a result of inflows to the Delta more than halving for IPSL (-52.7%) , this scenario simulates the largest reductions in flood extent. The mean, maximum and minimum flood regimes decline in all 12 months with the seasonal peak for the mean regime undergoing a reduction of 7903 km 2 (57.3%, Fig. 9 ). Equivalent changes are indicated in the magnitudefrequency line for the annual maxima (Fig. 10) . Reductions for a given frequency range from 47.8%-68.4% with the smaller, more frequent peak annual flood extents generally undergoing the largest reductions.
The only GCM leading to increases in flooding is HadGEM1, the one GCM that projects increased river inflow together with local increases in precipitation over the Delta (Table 3) . However, in comparison to the declines projected for some GCMs, increases in flooding are relatively small. Flood extents for the mean, maximum and minimum flood regimes increase between October and June but decline slightly between July and September as a result of the moderately lower river inflows during this period (Fig. 9) . On average, the flood extent in November, which is still the peak month despite the delay in mean peak river inflows, increases by 1405 km 2 (10.2%). The delay in peak inflows is responsible for the subsequent increase in flooding throughout the recession period. The magnitude-frequency line for HadGEM1 shows a near consistent (28 out of 30 years) increase in flood extent for a given frequency (Fig. 10(a) ). The smallest changes are generally for the smallest peak flood extents (+4.4% for the smallest, Fig. 10(d) ; +2.6% the average for the smallest five) with the largest increases occurring for the larger extents (+14.6% for the largest, Fig. 10(b) ; +13.3% the average for the largest five). 
Discussion
Model performance for river flow for the 25-year long calibration and the 30-year long baseline periods is classified as either "excellent" or "very good". It is at least as good, and in some cases superior, to other catchment models employed within the QUEST-GSI project to assess the impacts of the same climate change scenarios as those employed in the current study (e.g. Hughes et al. 2011 , Nóbrega et al. 2011 , Thorne 2011 . The model's simulated annual flood peaks for these two periods also compare favourably with estimates of actual flood extents. Given these results, use of the model to simulate the impacts of climate change is justified with the second of these two periods providing the baseline against which scenarios results are compared. Whilst the model clearly simulates the seasonality and inter-annual variability in discharges for the more recent 25-year long validation period, discharges are overestimated, most obviously from the 1990s. Similarly, simulated flood extents are generally overestimated.
A possible explanation for the overestimation of discharge and flood extent could be changes in catchment characteristics. Elsewhere, land cover change due to removal of natural vegetation has been implicated in modified runoff coefficients (e.g. Lacombe et al. 2010 ) that may impact hydrological model performance (Thompson et al. 2013) . Widespread declines in vegetation cover have been reported for the Sahelian region (e.g. Diello et al. 2005 , Liénou et al. 2005 , Leblanc et al. 2008 . Such changes could not be included in the model given its empirically established calibration parameters. Instead an alternative modelling approach permitting temporally varying land cover would be required. However, declines in Sahelian vegetation and consequent alterations to soil hydrodynamic properties have been shown to increase runoff (e.g. Descroix et al. 2009 , Amogu et al. 2010 , a phenomenon used to explain the "Sahelian Paradox" (Albergel 1987 ) whereby discharge has increased despite declining precipitation. It would therefore be expected that the model would underestimate instead of overestimating discharges and flood extent. Issues associated with the data employed within the model might mask impacts of changing catchment runoff characteristics. Declining hydrometeorological data quantity and quality is an acknowledged problem throughout much of SubSaharan Africa (e.g. World Bank et al. 1993 , Farquharson 2007 ). In the current study, reductions in the availability of discharge data for a number of gauging stations, especially in more recent decades, impact the appraisal of model performance during the validation period. It also prevents a definitive assessment of whether overestimation of discharge is a catchment-wide issue. Similarly, empirical methods employed in the model, such as the approach used to define outflows from the Inner Niger Delta from simulated inflows, were based on restricted time periods due to data availability. In particular, observed discharge for the two inflow gauging stations was unavailable beyond 1992. This prevents the inclusion of any temporal changes in such relationships which in this case might result from natural channel evolution including the influence of aquatic vegetation (e.g. Goes 2002) as well as human activities such as dykes and sluices associated with rice cultivation (Zwarts and Kone 2005b) . Such changes would also impact the relationship between volume and flood extent used within the model that is assumed to be constant. They would also alter the relationship between water level and inundation that was used by Zwarts and Grigoras (2005) to derive the annual maximum flood extent time series. This relationship was based on satellite imagery from 1985-2003, a period when flood extents were in most cases lower than those experienced in the 1950s and 1960s.
The potential for changes identified in West African rainfall to be artefacts of changing meteorological station numbers and locations has been reported (e.g. Chappell and Agnew 2004) . The decline in the region's hydrometeorological monitoring networks may have impacted the gridded meteorological data used to force the hydrological model. Gridded datasets, such as CRU, are widely employed in catchment modelling with, for example, many of the models used in the QUEST-GSI project using CRU meteorological inputs (e.g. Nóbrega et al. 2011 , Thorne 2011 , Xu et al. 2011 . These datasets are easily accessed and readily sampled for areas of interest. They are particularly valuable where station records may be difficult to acquire. However, they clearly rely on data provided by observation networks. At the start of the modelling period used in the current study ten stations within the basin and a further 58 within 200 km of its boundary are listed as contributing to CRU TS 3.0. These stations are distributed relatively evenly through and around the basin. By the mid-1960s, the number of stations increases and then remains stable at between 15-16 and 95-100, respectively until the beginning of the 1990s. Thereafter a precipitous decline in the number of stations begins so that by 2000 only 6 and 14, respectively remain. Up to 22 stations within the larger area cease to provide data in any one year. The loss of many stations in the relatively dry northeast is particularly noticeable. Such declines in the number of meteorological stations, which Harris et al. (2014) demonstrate is repeated throughout Africa, have implications for the degree to which catchment meteorological conditions are represented. Similar issues affecting gridded precipitation datasets may have impacted calibration of hydrological models of other parts of the world (e.g. Hughes et al. 2011 , Thompson et al. 2014a . The current study demonstrates that when using gridded datasets within hydrological models, especially for extended simulation periods over which changes in observation networks are more likely, it is important to review the stations contributing to the datasets as a potential source of additional uncertainty. Diagnostics for the most recent CRU TS3.10 dataset include the number of stations used in the interpolation process for a given cell enabling objective assessment of the reliability of the dataset (Harris et al. 2014) .
Uncertainty in scenario meteorological inputs to the hydrological model is dominated by projected change in precipitation. Of the 84 sub-catchment/GCM combinations (12 sub-catchments, seven GCMs) declines in mean annual precipitation are projected for 57 (just under 68%). Whilst some GCMs show catchment-wide or near catchment-wide reductions in precipitation (CCCMA, IPSL, MPI) others show spatially varying directions of change. Seasonal changes in precipitation also vary between GCMs. In contrast, all GCMs project higher annual PET totals and, in most cases, PET is higher throughout the year. Inter-GCM uncertainty in the projected changes in PET is considerably smaller than precipitation. For example, the mean absolute inter-GCM range of change in annual precipitation across the 12 subcatchments (289 mm) is over three times that of PET (86 mm). Differences for the mean percentage range of change are larger still with that of precipitation (23.6%) exceeding PET (4.4%) by nearly 5.5 times.
The dominance of precipitation in the inter-CGM uncertainty of projected meteorological conditions reflects earlier results using the same scenarios (Kingston and Taylor 2010 , Singh et al. 2011 , Thompson et al. 2013 although inter-GCM differences in the direction and relative magnitude of precipitation changes varied between these studies. There is some consistency in the relative magnitude of PET changes between the different GCMs for the current study and earlier investigations. In accordance with the results presented herein, Singh et al. (2011) and Thompson et al. (2013) both identified HadCM3 as providing some of the largest annual increases despite the very different locations of their catchments (northeast India and the southeast Asia). Similarly, in common to the Upper Niger, both of these earlier studies showed that some of the smallest changes were associated with NCAR, the GCM that also provided the smallest changes in temperature over Uganda (Kingston and Taylor 2010) .
The inter-GCM ranges of change in discharge are larger than those for both precipitation and PET (average range of change in mean discharge across the 12 gauging stations: 61.6%). Of the 84 gauging stations/GCM combinations, 64 (just over 76%) experience declines in mean discharge. This is a larger proportion than for declines in precipitation since in some cases elevated PET offsets relatively small gains in precipitation. However, there is not a perfect match between declining sub-catchment precipitation and reductions in discharge. In some cases (e.g. HadGEM1) large increases in peak wet season precipitation, despite overall declines in annual totals, increase wet season discharges, as reflected in the smaller number of gauging stations (55 or 67%) for which Q5 discharges decline. It is possible for these enhanced wet season flows to produce an overall increase in mean annual discharge. In other cases (e.g. CSIRO), relatively large increases in precipitation over upstream sub-catchments lead to increases in discharge that persist further downstream where local declines in precipitation and increases in PET are projected. Thompson et al. (2014a) demonstrated similar patterns for the Mekong highlighting the potential for alternative PET methods, which exhibited different magnitudes of change for the same scenario, to influence the point along the river system at which increases in discharge switch to decreases. Assessment of this additional source of uncertainty for the Upper Niger could be investigated through the recalibration of the model using PET calculated using a number of different methods.
Only one GCM (HadGEM1) projects increases in the mean annual inflows to the Inner Niger Delta. These modest (3.9%) increases lead to a mean gain compared to the baseline of 1405 km 2 (10.2%) in peak flood extent within this internationally important wetland and subsequently more extensive inundation during the recession period. Mean annual inflows to the Delta decline for the remaining six GCMs although in three cases, these reductions are less than 5%. As a result, flooding is only marginally reduced from the baseline. In contrast, reductions in the range of 18.1%-52.7% for the three remaining GCMs have a progressively larger impact on flooding. Although seasonality in the flood cycle remains the same, the annual peak flood extent declines by between 3018 km 2 (21.9%) and 7903 km 2 (57.3%). Differences in projected changes in river flow and flood extent for the seven GCMs point to considerable uncertainty in the environmental and water resource implications of climate change. Implications will vary between GCMs as well as within different parts of the catchment, at least for those scenarios with spatially varying changes in river flow. The regimes of a river and its floodplains, which can be characterised by the variability, magnitude, frequency, duration, timing and rate of change of flow and flooding, is central to sustaining biodiversity and ecosystem integrity (e.g. Poff et al. 1997 ). They in turn underpin ecosystem services. Increased discharge may, for example, benefit fish populations by facilitating migration onto more extensive floodplain nursery areas (Welcomme 1986 , Nestler et al. 2012 with obvious benefits for those people who depend on fisheries. Enhanced river flow and flooding could sustain aquatic habitats and provide opportunities for water-related human activities such as agriculture. Conversely, as witnessed in many African river systems (e.g. Drijver and Marchand 1985, Adams 1992) , lower river flows and flood extents may lead to declines in floodplain habitats and the wildlife that depend upon them as well as reductions in the opportunities for people. Changing flood patterns within the Inner Niger Delta have already impacted agricultural activities, especially rice cultivation, fishing and grazing (Goosen and Kone 2005 , Zwarts and Diallo 2005 , Zwarts and Kone 2005b .
Determining the precise nature of such impacts is not a trivial undertaking. Environmental flow methodologies, such as the widely used Range of Variability Approach that employs Indicators of Hydrological Alteration (IHA), provide statistical techniques for comparing natural and altered flow regimes (Richter et al. 1996 (Richter et al. , 1997 . Thompson et al. (2014b) , for example, employed a modified IHA approach (Laizé et al. 2014) to investigate changes in environmental flows throughout the Mekong. This included the development of a risk-based assessment of the magnitude of change. Adoption of such an approach, with potential modifications to include simulated flood extent, could provide an initial means of addressing uncertainty in the ecological impacts of projected hydrological change.
GCM-related uncertainty for future hydrometeorological conditions for the Upper Niger including flooding within the Delta could be constrained through the development of GCM reliability ratings by comparing simulated and observed climate (e.g. Perkins et al. 2007 , Maxino et al. 2008 , Ghosh and Mujumdar 2009 . Such an evaluation of GCM performance is, however, beyond the scope of the current study. Additionally, the climate change scenarios employed herein use the previous generation of GCMs. The more recent Coupled Model Intercomparison Project phase 5 (CMIP5) provides results from a larger ensemble of 41 GCMs (Knutti and Sedlacek 2013) . Further investigation of GCM-related uncertainty on meteorological conditions and, using the hydrological model, river flow and flood extent within the Upper Niger using the CMIP5 results would be a valuable extension of the current study. Such an assessment could be undertaken using the methodology developed by Ho et al. (2015) .
Beyond the impacts of climate change, additional uncertainty over future river flows within the Upper Niger and flood extent within the Inner Delta is associated with water resource management, in particular dams. Across Africa, and elsewhere, dams have had major impacts on river flow and inundation of floodplain wetlands (e.g. Lemly et al. 2000 , Mumba and Thompson 2005 , Kingsford et al. 2006 . The model does include the impacts of the two existing schemes that impact river flow and which were operational throughout or during part of the model period. Changes in the operation of these dams in the face of climate change are, however, a potential source of uncertainty. The impacts of the Talo Dam on the Bani, constructed after the end of the modelled period, are not included and given available information are uncertain. The possible construction of the Formi hydropower dam which will also support an irrigated area of 30 000 ha, will impact flows on the Niandan tributary and in turn the Niger. The precise impacts of the dam are also uncertain although Zwarts and Grigoras (2005) argue that the changes in wet and dry season flows are likely to be comparable to those due to the Sélingué Dam but of larger magnitude since it has a storage capacity almost three times as large. Diversion of water to such a large irrigated area will inevitably reduce total river flows. The potential impacts of another reservoir, Djenné, on the Bani are currently even more difficult to assess due to limited information on its design and operation . As Van Dijk et al. (2008) suggest, additional unforeseen modifications to water management in response to climatechange, which may in turn be driven by social, economic and policy changes, represent another important, but difficult to assess, source of uncertainty.
A semi-distributed, conceptual hydrological model of the Upper Niger, which includes an element simulating flood extent within the Inner Niger Delta, successfully simulates discharge at 12 gauging stations and annual peak flood extent for the second half of the 20th Century. Performance for much of the period is classed as "excellent" or "very good". Overestimation of discharge and flood extent for the last decade of the simulation period may be associated with changing land cover or, perhaps more likely, declines in hydrometeorological monitoring networks. These limit robust assessments of model performance for the last part of the simulation period.
Scenarios for a 2°C prescribed increase in global mean temperate, the hypothesised threshold for "dangerous" climate change, for seven GCMs, demonstrate that inter-GCM uncertainty is far greater for precipitation than PET. The inter-GCM range of change in mean annual precipitation is three to five times as large as that of PET. Whilst PET increases in all sub-catchments for all the scenarios, precipitation both increases and decreases, with some GCMs projecting spatial variations in the direction of change. Declines in precipitation are dominant, occurring in 68% of the 84 sub-catchment/GCM combinations.
Projected discharges are also dominated by declines (mean flow is lower in 76% of the 84 gauging station/GCM combinations). Only one GCM (HadGEM1) simulates increases (of only 3.9%) in annual river inflow to the Inner Niger Delta. Simulated flood extents increase as a result (mean peak +10.2%). The remaining GCMs project widely varying reductions in annual inflow of between 0.8% and 52.7%. Minor reductions in flood extent are simulated for three GCMs that project declines in inflow of less than 5%. However, larger inflow reductions of between 18.1% and 52.7% for other GCMs induce substantial modifications to flooding with in the extreme case (IPSL) the mean peak flood extent declining by 57.3%.
Possible extension of this research could include the application of environmental flow approaches to assess the risks of ecological change due to modified river flows and flooding. These changes could be used to infer the impacts on ecosystem services provided by the river and its floodplains. Expansion of the investigation of inter-GCM related uncertainty through the use of more recent and a larger number of GCMs, such as those from the Coupled Model Intercomparison Project phase 5, could also be a valuable next step.
